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(37) ABSTRACT

Passive reactivity control technologies that enable reactivity
control of a nuclear thermal propulsion (NTP) system with
little to no active mechanical movement of circumierential
control drums. By minimizing or eliminating the need for
mechanical movement of the circumierential control drums
during an NTP burn, the reactivity control technologies
simplity controlling an N'TP reactor and increase the overall
performance of the NTP system. The reactivity control
technologies mitigate and counteract the etlects of xenon,
the dominant fission product contributing to reactivity tran-
sients. Examples of reactivity control technologies include,
employing burnable neutron poisons, tuning hydrogen pres-
sure, adjusting wait time between burn cycles or merging
burn cycles, and enhancement of temperature feedback
mechanisms. The reactivity control technologies are appli-
cable to low-enriched uranium NTP systems, including
graphite composite fueled and tungsten ceramic and metal
matrix (CERMET), or any moderated N'TP system, such as
highly-enriched uranium graphite composite NTP systems.
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970 920
\ \

Baseline Core Configuration Summaries

Super of Low Enriched Uranium SEU Space Capable Crycgemc Thermal Engine (SCCTE)

SULEU is a Graphite Composite Fuel, ZrH, ¢ SCCTE is a LEU W-UQO2, ZrH, ¢ moderated

moderated LEU nuclear thermal propuision LEU nuclear thermal propulsion.
concept relying largely on heritage design.

Total Mass (Excluding Sh|eld) (kg) 2498.0 | Total Mass (Excluding Shleld (kg) 25576

Key Performance Parameters Key Performance Parameters
Nominal Isp (150:1 Nozzle) 897.9 | Nominal Isp (150:1 Nozzle) 894

Norninal Thrust (kN) 1557 G2 | Nominal Thrust (kn) R
Whole Reactor Power (MW) 768.9 | Whole Reactor Power (MW) 765.3
Fuel Temperature Max (K) 2850 | Fuel Temperature Max (K) 2850

Engine System interface Information Engine System Interface Information

Interface Fiow Rate | Pressure . Flow Rate | Pressure
(kg/s) (MPa) Temp. (K) interface Point (ka/s) (MPa) Temp. (K)
Core outlet 17.68 - 2712.8 | Core outlet 17.76 2694

Fuel Details Fuel Detalls

e I L TP T
s | ow[ncznmeonetim | s

Total 25U (kg) Total 235U (kg)
Fuel Cladding Fuel Coating -

G Y
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PASSIVE REACTIVITY CONTROL OF
NUCLEAR THERMAL PROPULSION
REACTORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Patent

Application No. 62/308,188, filed on Mar. 14, 2016, titled
“Burnable poison operated reactor using gadolinium loaded
alloy for nuclear thermal propulsion passive reactivity con-
trol”; and U.S. Provisional Patent Application No. 62/308,
191, filed on Mar. 14, 2016, titled “Hydrogen pressure
operated system for passive reactivity adjustment,” the
entire disclosures of which are incorporated by reference
herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

This 1nvention was made with government support under
Contract No. SBIR 2013-1 NNX15CC62P awarded by the
National Aeronautics and Space Admimstration (NASA).

The government has certain rights 1n the mvention.

TECHNICAL FIELD

The present subject matter relates to examples of nuclear
thermal propulsion systems and nuclear reactor systems.
The present subject matter also encompasses passive reac-
tivity control of nuclear thermal propulsion reactors.

BACKGROUND

Conventional chemical based propulsion systems com-
monly deployed i rockets rely on an oxidizer, such as
oxygen, to generate a chemical reaction 1n order to create
thrust. Nuclear thermal propulsion (NTP) systems have the
potential to deliver thrust values that far exceed chemical
based fuels. Typically, this 1s done by heating a propellant,
typically low molecular weight hydrogen, to over 2,600°
Kelvin by harnessing thermal energy from a nuclear reactor.

NTP 1s an appealing technology with prospects for
becoming the propulsion system ol choice for human mis-
sions beyond low earth orbit. Numerous mission architec-
tures call NTP the preferred approach for a 2030s human
Mars mission for its ability to produce significant amounts
of thrust while operating at a high specific impulse.

The design of NTP systems dates back to the Nuclear
Engine for Rocket Vehicle Applications (NERVA) work
done by NASA. The NERVA design typically consists of a
small nuclear fission reactor, turbopump assembly (TPA),
nozzle, radiation shield, assorted propellant lines, pressure
vessel, and support hardware. Thermal energy gained by the
propellant during an expansion cycle 1s used to power the
rocket.

In conventional N'TP designs, control drums are used to
adjust reactor reactivity. Unfortunately, reactivity control of
NTP reactors through the use of the control drums can be
problematic 1n terms of operating requirements and effect on
the performance of the propulsion system.

SUMMARY

Hence, there 1s room for further improvement in NTP
systems and devices that incorporate such NTP systems. The
passive control technologies disclosed herein simplify the
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control of an NTP system and improve the overall perfor-
mance during operation. With some of the passive control
technologies, little to no active mechanical movement of
circumierential control drums will be required for the major-
ity of N'TP operation.

The passive control technologies mitigate the eflect of the
build-up of °>Xe, a powerful neutron poison, during opera-
tion. While the technologies disclosed are utilized with
low-enriched uranium (LEU) NTP systems (e.g., graphite
composite fuel and tungsten (W) CERMET fuel), the tech-
nologies have application to any moderated NTP system,
including highly-enriched uramium (HEU) graphite compos-
ite fueled N'TP reactor systems. An LEU system has 20% or
lower **°U. A ceramic and metal matrix (CERMET) fuel can
include (U, PuQ,), (enriched U, UQO,), or other fuels.

In an example, a nuclear thermal propulsion system
comprises a nuclear reactor core. The nuclear reactor core
includes an array of fuel elements and an array of tie tubes
adjacent the array of fuel elements. Each tie tube includes a
propellant supply passage to flow a propellant, an nner tie
tube layer surrounding the propellant supply passage, a
moderator sleeve surrounding the mnner tie tube layer, a
propellant return passage surrounding the moderator sleeve,
and an outer tie tube layer surrounding the propellant return
passage.

A burnable poison can be dispersed 1n the nuclear reactor
core. For example, the burnable poison 1s dispersed in the
array ol fuel elements or the array of tie tubes. The burnable
poison can include Gadolintum (Gd). The Gd can be dis-
persed 1n an alloy that forms the outer tie tube layer. The
propellant can be hydrogen. The Gd dispersed 1n the outer tie
tube layer alloy can be 1n a quantity greater than O parts per
million (ppm) and less than one-thousand (1,000) ppm. The
(d 1n the outer tie tube layer alloy can be a natural 1sotopic
composition or an enriched '>’Gd isotope. The outer tie tube
layer alloy can further include nickel, chromium, and 1ron.
The outer tie tube layer alloy can further include molybde-
num, niobium, cobalt, manganese, copper, aluminum, tita-
nium, silicon, carbon, sulfur, phosphorus, and boron. The
outer tie tube layer alloy can also be formed of zirconium or
zirconium carbide.

The array of fuel elements can include a graphite com-
posite Tuel formed of low-enriched uranium (LEU) having
20% or lower *>>U. The array of fuel elements can include
a tungsten ceramic and metal matrix (CERMET) fuel
formed of low-enriched uranium (LEU) having 20% or
lower *°°U. The moderator sleeve can include a solid
hydride. The Gd dispersed in the outer tie tube layer alloy
can be 1n a quantity of 20 parts per million (ppm) to 200
ppm.

Each tie tube can further comprise an inner gap between
the inner tie tube layer and the moderator sleeve, a graphite
insulation layer surrounding the outer tie tube layer, a medial
gap between the outer tie tube layer and the graphite
insulation layer, an outer gap surrounding the graphite
insulation layer, a graphite sleeve surrounding the outer gap,
and a coating formed of zirconium carbide or niobium
carbide surrounding the graphite sleeve. The graphite 1nsu-
lation layer can include zirconium carbide (ZrC), titanium
carbide, silicon carbide, tantalum carbide, hatnium carbide,
/ZrC—7rB, composite, or ZrC—7rB,—S1C composite.

The propellant supply passage, the inner tie tube layer, the
moderator sleeve, the propellant return passage, and the
outer tie tube layer can be radially arranged. A respective
radial wall thickness of the outer tie tube layer can be less
than the mner tie tube layer. The array of fuel elements can
be interspersed with the array of tie tubes and each of the tie
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tubes can be 1n direct or indirect contact with at least one fuel
clement. A plurality of circumiferential control drums can
surround the array of fuel elements and the array of tie tubes
to change reactivity of the nuclear reactor core.

In one example, the burnable poison can include Gado-
lintum (Gd) and the Gd can be dispersed 1n an alloy that
forms the mnner tie tube layer. In on example, the burnable
poison can include Gadolinium (Gd) and the Gd can be
dispersed in each of the fuel elements. In one example, the
moderator sleeve can be formed of zirconium hydride and
the burnable poison can include Gadolinium (Gd). The Gd
can be dispersed in the zircontum hydride that forms the
moderator sleeve.

In one example, the nuclear reactor core can further
comprise at least one wire formed of an alloy that 1s housed
inside the nuclear reactor core and separate from the array of
tuel elements and the array of tie tubes. The burnable poison
can 1nclude Gadolinium (Gd). The Gd can be dispersed 1n
the at least one alloy wire.

The nuclear thermal propulsion system can further com-
prise a propellant tank to store the propellant, a nuclear
reactor core inlet directly or indirectly connected to the
nuclear reactor core, and a propellant line directly or indi-
rectly connected to the propellant tank to flow the propellant
to the nuclear reactor core inlet. The nuclear thermal pro-
pulsion system can further comprise a propellant density
control valve system directly or indirectly connected
between the propellant line and the nuclear reactor core inlet
to regulate density of the propellant flowing into the nuclear
reactor core.

The nuclear thermal propulsion system can further com-
prise a turbopump assembly comprising at least one tur-
bopump that includes a turbine and a pump. The pump can
be configured to cool the nuclear reactor core during a burn
cycle by flowing the propellant from the propellant tank
through the propellant line to the propellant density control
valve system, and then through the nuclear reactor core inlet.

The nuclear reactor core 1nlet can include a tie tube nlet
to flow the propellant to the array of tie tubes and can be
directly or indirectly connected to the propellant density
control valve system and a respective propellant supply
passage of a respective tie tube 1n the array of tie tubes. The
pump can be further configured to flow the propellant
through the tie tube 1nlet, through the respective propellant
supply passage of the respective tie tube 1n the array of tie
tubes, and then through a respective propellant return pas-
sage of the respective tie tube.

The nuclear thermal propulsion system can further com-
prise a propellant heating line directly or indirectly con-
nected to the turbine and the respective propellant return
passage of the respective tie tube and a second propellant
density control valve system directly or indirectly connected
to the turbine and the nuclear reactor core inlet to regulate
density of the propellant flowing back to the nuclear reactor
core mlet. The pump can be configured to flow the propellant
returned by the respective propellant return passage to the
turbine via the propellant heating line. The turbine can be
configured to flow the propellant back to the second pro-
pellant density control valve system and the nuclear reactor
core inlet.

The nuclear reactor core ilet can further include a fuel
clement inlet to tflow the propellant to the array of fuel
clements and can be directly or indirectly connected to the
second propellant density control valve system and a respec-
tive propellant passage of a respective fuel element of the
array of fuel elements. The turbine can be configured to tlow
the propellant to the second propellant density control valve
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system, through the fuel element inlet, and then through the
respective propellant passage of the respective fuel element
of the array of fuel elements.

The nuclear thermal propulsion system can further com-
prise a pressure vessel housing the nuclear reactor core that
can be directly or indirectly connected to the propellant
density control valve system. The pressure vessel can
include a pressure vessel inlet connected to the periphery of
the pressure vessel that 1s outside of the nuclear reactor core
and a pressure vessel outlet to return the propellant passing
through the periphery of the pressure vessel. The nuclear
thermal propulsion system can further comprise a propellant
heating line directly or indirectly connected to the turbine
and the pressure vessel outlet. The pump can be further
configured to tlow the propellant to the pressure vessel inlet,
through the periphery of the pressure vessel, and then flow
the returned propellant from the pressure vessel outlet to the
turbine via the propellant heating line.

The nuclear thermal propulsion system can further com-
prise a nozzle, a plurality of control drums, a neutron
reflector, and a second propellant density control valve
system. The second propellant density control valve system
can be directly or indirectly connected between the propel-
lant line and the pressure vessel inlet to regulate density of
the propellant flowing into the nozzle, the periphery of the
pressure vessel, the neutron reflector, and the plurality of
control drums.

The propellant density control valve system can 1nclude a

regulator valve to adjust density of the propellant passing
through the regulator valve from an initial density when
entering the regulator valve to a regulated density when
exiting the regulator valve. The propellant density control
valve system can also include an actuator to actuate the
regulator valve by adjusting the regulated propellant density
upwards during each subsequent burn cycle to maintain
constant reactivity at a beginning of each of the subsequent
burn cycles. The actuator can be electric, mechanical, ther-
mal, magnetic, or a combination thereof.
The propellant density control valve system can further
include a flow control circuit to control speed of the actuator.
The flow control circuit can be a bleed-off circuit, a meter-
out circuit, or a meter-in circuit.

The regulator valve and the actuator can form a solenoid
valve or an electrohydraulic servovalve. The regulator valve

and the actuator can form the solenoid valve and the
solenoid valve can be controlled by electric signals con-
veyed from an external computer, a digital circuit, an analog,
circuit, or a combination thereof.

The propellant can be hydrogen and the regulator valve
can be configured to adjust density of the hydrogen from the
initial density to the regulated density by varying pressure
between 100% and 200% of nominal hydrogen pressure,
inclusive, to increase reactivity of the nuclear reactor core.
The nominal hydrogen pressure can be 5 to 15 megapascals
(MPa).

Additional objects, advantages and novel features of the
examples will be set forth 1 part in the description which
follows, and 1n part will become apparent to those skilled 1n
the art upon examination of the following and the accom-
panying drawings or may be learned by production or
operation of the examples. The objects and advantages of the
present subject matter may be realized and attained by
means of the methodologies, mnstrumentalities and combi-
nations particularly pointed out 1n the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The drawing figures depict one or more implementations
in accordance with the present concepts, by way of example
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only, not by way of limitations. In the figures, like reference
numerals refer to the same or similar elements.

FIG. 1 1s an 1llustration of a nuclear thermal propulsion
system that depicts an internal nuclear reactor core, a
propellant line, a control drum, and other components of the
assembly.

FI1G. 2 15 a flow diagram of the nuclear thermal propulsion
system of FIG. 1 during a burn cycle (bc).

FIG. 3 15 a cross-sectional view of the nuclear reactor core
and components, including an array of fuel elements and an
array of tie tubes.

FIG. 4 1s an enlarged plane view of a portion of the
nuclear reactor core of FIG. 3 depicting an array of fuel
clements interspersed with an array of tie tubes.

FIG. 5 1s an illustration of a fuel element of the nuclear
reactor core.

FI1G. 6 1s an illustration of a tie tube of the nuclear reactor

core.
FIG. 7 1s a cross-sectional view of the fuel element of
FIGS. 4 and 5.

FIG. 8 1s a cross-sectional view of the tie tube of FIGS.
4 and 6 that depicts inner and outer tie tube layers and other
layers of the tie tube.

FIG. 9 1s a table of two reference nuclear reactor core
designs, each using a different type of nuclear fuel, Superb
Use of Low Enriched Uranium (SULEU) (using a carbide
graphite composite fuel) and Space Capable Cryogenic
Thermal Engine (SCCTE) (using a tungsten cermet fuel)
that includes configuration and performance details.

FIG. 10 1s a graph 1llustrating reactivity over time of the
two reference cores of FIG. 9.

FIG. 11 1s a graph illustrating a specific impulse (I,,)
penalty associated with turning a control drum for a nuclear
reactor core that utilizes SCCTE.

FIG. 12 1s a graph illustrating a specitic impulse (1))
penalty associated with turning a control drum for a nuclear
reactor core that utilizes SULEU.

FIG. 13 1s a graph of the SULEU core burnup using
different gadolinium loadings dispersed in an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 during
multiple Trans Martian Injection (TMI) burns.

FIG. 14 1s a graph of the SCCTE core burnup using
different gadolinium loadings dispersed in an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 during
multiple TMI burns.

FIG. 15 1s a graph of the SULEU core burnup using
optimized gadolimmum loadings dispersed in an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 and
hydrogen pressure correction control by the NTP system of
FIGS. 1-2.

FIG. 16 1s a graph of the SCCTE core burnup using
optimized gadolimmum loadings dispersed in an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 and
hydrogen pressure correction control by the NTP system of
FIGS. 1-2.

FIG. 17 1s a graph of minimum wait time between periods
of tull-power operation for the SULEU core using optimized
gadolinium loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system of FIGS. 1-2.

FIG. 18 1s a graph of mimimum wait time between periods
of Tull-power operation for the SCCTE core using optimized
gadolimum loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system of FIGS. 1-2.

FI1G. 19 1s a graph of mimimum wait time between periods
of tull-power operation for the SULEU core using optimized
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gadolintum loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system of FIGS. 1-2
in a single Trans Martian Injection (TMI) bum.

FIG. 20 1s a graph of mimimum wait time between periods
of tull-power operation for the SCCTE core using optimized
gadolinium loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system of FIGS. 1-2
in a single TMI burn.

FIG. 21 1s a table of reactivity coeflicients for SULEU and
SCCTE.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth by way of examples in order to provide
a thorough understanding of the relevant teachings. How-
ever, 1t should be apparent to those skilled 1n the art that the
present teachings may be practiced without such details. In
other instances, well known methods, procedures, compo-
nents, and/or circuitry have been described at a relatively
high-level, without detail, in order to avoid unnecessarily
obscuring aspects of the present teachings.

The various examples disclosed herein relate to passive
control technologies that enable criticality control of a
nuclear thermal propulsion (NTP) system with little to no
active mechanical movement of circumierential control
drums. By minimizing or eliminating the need for active
mechanical movement of the circumierential control drums
during an NTP burn, the passive control technologies sim-
plify controlling an NTP reactor core and increase the
overall performance of the NTP system. Moreover, each of
the four passive control technologies are generally compat-
ible with existing design requirements of an NTP system.

A first passive control technology includes employing
burnable neutron poisons, such as Gd, B-10, and Cd, in the
nuclear reactor core to counter the negative reactivity nser-
tion from the xenon (*°>Xe) build-up during operation. This
first passive technology is referred to as Burnable-poison
Operating a Reactor with Gadolintum alloy (BORGalloy).
For example, a burnable poison 1s loaded 1n an outer tie tube
layer of a tie tube.

A second passive control technology includes tuning
hydrogen pressure, for example, 1n the tie tube system to
compensate for reactivity changes. This second passive
technology 1s referred to as variable hydrogen density—
HYPOSPRA.

A third passive control technology includes extending the
wait time between burn cycles (bcs) when the nuclear
reactor core 1s shutdown or merging burn cycles. For
example, 1n a mission to Mars, the wait time between a Trans
Martian Imjection 1 (TMI1) burn cycle and a Trans Martian
Injection 2 (TMI2) burn cycle 1s varied based on fuel type
to optimize reactivity. Alternatively, the TMI1 and TMI2
burn cycles can be merged by having a single TMI burn
cycle.

A fourth passive control technology 1s enhancement of
temperature feedback mechanisms, such as designing the
start-up and shut-down sequence to take advantage of the
enhanced temperature feedback and doppler broadening of
the LEU fuel 1n order to minimize control drum movement.
For example, start up and operation can be accomplished by
turning the control drums to a single predetermined angle
and relying on passive temperature feedback to ensure
reactor stability and the power cycle for small-scale reac-
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tivity control. This fourth passive control technology 1s
referred to temperature feedback for simplified open-loop
start-up sequences.

The four disclosed passive control technologies can be
used alone or 1in combination with one another. In combi-

nation with BORGalloy and HYPOSPRA, extending the

wait time between burn cycles or merging burn cycles can
solve the 1ssues associated with control drum movement

during burn. A combination of BORGalloy, HYPOSPRA,

and the temperature feedback mechanism can eliminate
active control drum movement, for example, from a Trans
Martian Injection 1 (ITMI1) burn, a Mars Orbital Injection
(MOI) burn, and a Trans Earth Injection (TEI) burn; and
reduce the active control drum movement needed for a Trans
Martian Injection 2 (IMI2) burn. In this implementation,
BORGalloy counters the eflects of fissile depletion and
xenon build-up during full power operation, HYPOSPRA
enables the use of a single mitial control drum position
shared for all burns, and the enhanced temperature feedback
ensures that the reactor 1s thermally and neutronically stable.
In one-burn TMI architectures and architectures with a long
wait between burn cycles, such as TMI1 and TMI2, the
active control drum movement can be completely elimi-
nated.

When implemented 1in the NTP system, the passive con-
trol technologies provide: (1) minimal control drum move-
ment from a set point; (2) increased performance by pro-
viding minimal loss of efliciency 1n the NTP system (e.g., as
measured by the specific impulse); (3) ease of integration
with existing NTP reactor design requirements; and (4)
minimal increase 1n reactor mass. The specific impulse (I, )
1s the total impulse (or change in momentum) delivered per
unit of propellant consumed and 1s dimensionally equivalent
to the generated thrust divided by the propellant flow rate.
The propellant 1s any compound and can be hydrogen
(molecular weight 2), hellum (molecular weight 4), or water
(H,O), for example. The propellant 1s typically stored in
liquid form 1n a propellant tank.

While the reactivity control technologies are designed for
NTPs, the technologies can also be applied to terrestrial
nuclear systems. More specifically, the reactivity control
technologies can be applied to terrestrial nuclear systems
that need to be small and compact and have to operate in
remote locations for extended periods of time where
increased reliability throughout the reactor’s lifetime 1is
necessary. The reactivity control technologies can also be
applied to space nuclear systems for power production by
enabling an extension ol nuclear reactor core lifetime with-
out requiring a large control system and suppressing fluc-
tuations 1n reactivity. This can be advantageous 1n space
where there 1s a need for large amounts of power 1n support
ol missions to planetary bodies, asteroids, or space stations,
or where there 1s an absence of sunlight or other energy
sources to supply energy.

Reference now 1s made 1n detail to the examples 1llus-
trated in the accompanying drawings and discussed below.
FIG. 1 1llustrates an example of a nuclear thermal propulsion
(NTP) system 100 that depicts an internal nuclear reactor
core 110, a propellant line 120, a control drum 130, and other
components of the assembly. In the example, the NTP
system 100 1s a type of nuclear reactor that operates on the
principle of an expansion cycle which pumps a propellant,
such as a hydrogen, through a propellant line 120 and the
expansion cycle 1s driven by a turbopump assembly (TPA)
140. Pumps and turbines in the TPA 140 move the propellant
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through propellant piping 120 and the propellant becomes
superheated 1n the nuclear reactor core 110 and expands to
a gas.

The NTP system 100 uses the nuclear reactor core 110,
such as a compact fission reactor core that includes nuclear
fuel, to generate many megawatts of thermal power (MW1)
required to heat a propellant to high exhaust temperatures
for rocket thrust. As shown, NTP system 100 includes an
internal shield 160 and an external shield 150 to protect
against the release of nuclear radiation from the nuclear
reactor core 110, including against the release of neutron and
gamma radiation to prevent excessive radiation heating and
material damage. The internal shield 160 1s located within
the pressure vessel of NTP system 100 and the internal
shield 160 i1ncludes interior propellant coolant channels to
allow a propellant flow through. Internal shield 160 1is
positioned between the nuclear reactor core 110 and other
components of the NTP system 100. External shield 150
includes two stacked discs and an outer radial portion. The
two stacked discs of external shield 150 are typically sur-
rounded by the outer radial portion which 1s cylindrically
shaped or tapered. The internal and external shields 150 and
160 can be formed of lead and borated aluminum titanium
hydride.

Nuclear reactor core 110 1s a nuclear fission reactor that
includes an array of fuel elements and array of tie tubes
adjacent the array of fuel elements. In the example, the array
of fuel elements are interspersed with the array of tie tubes
and each of the tie tubes 1s 1n direct or indirect or contact
with at least one fuel element of the nuclear reactor core 110.

The nuclear reactor core 110 provides thermal energy to
drive the turbopump assembly (TPA) 140 and includes tie
tubes to extract additional thermal energy to provide power
to the TPA 140. A plurality of circumierential control drums
130 may surround the array of fuel elements and the array
of tie tubes to change reactivity of the nuclear reactor core
110 by rotating the control drums 130. In the example, at
least one neutron reflector 183 surrounds the nuclear reactor
core 110 to regulate the neutron population of the nuclear
reactor core 110. Multiple control drums 130 may be posi-
tioned 1n an area of the neutron reflector 185 to regulate the
neutron population and reactor power level during opera-
tion.

Operating the NTP system 100 during its various phases
(startup, full thrust, and shutdown) 1s carried out by con-
trolling the propellant, such as hydrogen, that 1s supplied via
the TPA 140, to reach a desired reactor power level of the
nuclear reactor core 110. Although not shown 1n FIG. 1, the
TPA 140 1s supplied with propellant from a propellant tank.
The TPA 140 includes one or more turbopumps. In the
example of FIG. 1, two turbopumps are shown; whereas, a
single turbopump 1s shown i FIG. 2. A turbopump 1s a
propellant pump with two main components: a rotodynamic
pump and a driving gas turbine. The pump and turbine can
be mounted on the same shaft, or sometimes geared together.
The TPA 140 produces a high-pressure fluid for feeding the
nuclear reactor core 110 and cooling the components of the
NTP system 100.

When the propellant 1s superheated to a gas 1n the nuclear
reactor core 110, the propellant accelerates and 1s exhausted
for expansion 1n a thrust chamber comprised of a nozzle 170
and a nozzle skirt extension 180. The thermal expansion of
the propellant through the nozzle 170 and the nozzle skirt
extension 180 provides thrust. Some of the superheated
propellant can be used to turn a turbine of the TPA 140 to
drive the pump. Of note, some of the superheated propellant
may be returned, for example bleeded from the nuclear
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reactor core 110 via a bypass, to turn the turbine of the TPA
140 to dnive the pump. Subsequently, the expansion cycle
repeats.

The generated thrust propels a vehicle that houses, 1s
formed integrally with, connects, or attaches to the NTP
system 100, such as a rocket, drone, unmanned air vehicle
(UAV), aircrait, spacecraft, missile, etc. The vehicle can
include various control nozzles for steering and other com-
ponents.

To minimize or even eliminate the need for movement of
the control drums 130 during an expansion (1.e., burn) cycle,
a burnable poison, such as Gadolintum (Gd), 1s dispersed 1n
the array of fuel elements or the array of the tie tubes of the
nuclear reactor core 110. The fuel elements and tie tubes are
assembled together 1n the nuclear reactor core 110. Alter-
natively or additionally, the burnable poison (e.g., Gd) 1s
dispersed elsewhere 1n other components 1nside the nuclear
reactor core 110 that are separate from the array of fuel
clements and the array of the tie tubes. For example, one or
more wires may be added to the nuclear reactor core 110 that
are formed of an alloy with a dispersed burnable poison,
such as the Gd alloy described with respect to inner tie tube
layer 820 and outer tie tube layer 850 of FIG. 8. The alloy
wire 1s housed inside the nuclear reactor core 110. The
amount of Gd dispersed 1n the alloy wire or other component
of the nuclear reactor core 110 depends on the thickness of
the component, enrichment of the Gd, and the fuel material.
In an example, the Gd dispersed in the component of the
nuclear reactor core 110 1s 1n a quantity greater than O parts
per million (ppm) and less than or equal to one-thousand
(1,000) ppm, for example, the quantity of Gd can be: 10 ppm
to 20 ppm, 10 ppm to 30 ppm, 10 ppm to 70 ppm, 10 ppm
to 80 ppm, 10 ppm to 100 ppm, 10 ppm to 200 ppm, 10 ppm
to 300 ppm, 20 ppm to 30 ppm, 20 ppm to 70 ppm, 20 ppm
to 80 ppm, 20 ppm to 100 ppm, 20 ppm to 200 ppm, 20 ppm
to 300 ppm, 30 ppm to 70 ppm, 30 ppm to 80 ppm, 30 ppm
to 100 ppm, 30 ppm to 200 ppm, 30 ppm to 300 ppm, or
greater than O ppm and less than 1,000 ppm. By having a low
composition (loading) of Gd in the component, low seli-
shielding properties of Gd can be achieved.

Also during the expansion cycle, the propellant stored 1n
a propellant tank (element 201 in FIG. 2) 1s drawn through
the nuclear reactor core 110 to cool the nuclear reactor core
110. A propellant density control valve system (shown in
FIG. 2) adjusts the density of the propellant to maintain
relatively constant reactivity across multiple burn cycles.

Although not shown, the NTP system 100 can include a
burn cycle (bc) controller to set, monitor, and control a time
length of burn cycles, number of burn cycles, and shutdown
period length between burn cycles (1.e., wait time). For
example, the burn cycle controller controls a subsequent
burn cycle by monitoring elapsed time after a prior burn
cycle and comparing the elapsed time length against a
mimmum wait time threshold and initiating the subsequent
burn cycle via the nuclear reactor core 110 only upon
determining that the minimum wait time threshold 1s satis-
fied or exceeded. Such a burn cycle controller 1s operable to
control burn cycles by directly or indirectly adjusting move-
ment of the turbopump assembly 140 and the control drums
130.

The burn cycle controller can control burn cycles by
automatically adjusting burn cycle time length, number of
burn cycles, wait times between burn cycles, or merge burn
cycles 1n response to determining: (1) an amount of Xxenon
build-up (1.e., accumulated xenon) in the nuclear reactor
core 110 after an 1nitial burn cycle; and (11) depletion time
necessary to reduce the xenon build-up to a sutlicient level
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(e.g., zero or nearly zero) during a subsequent burn cycle.
The determination of the xenon build-up amount and the
depletion time can be made based on a calculation, such as
by computer simulation or estimation, or empirical mea-
surements. Alternatively or additionally, an operator can set
the burn cycle time length, the number of burn cycles, the
wait time between burn cycles, or merge the burn cycles via
the burn cycle controller after determiming the xenon build-
up amount and the depletion time. The burn cycle controller
also includes a temperature feedback mechanism. Burmn
cycle controller 1s discussed 1n further detail with respect to
FIGS. 17-21.

FIG. 2 1s a flow diagram of the nuclear thermal propulsion
system 100 of FIG. 1 during a burn (i.e., expansion) cycle.
As explained 1n more detail below, the depicted NTP system
100 includes multiple propellant density control valve sys-
tems (PDCVS) 240, 250, 260 that control the density of the
propellant to maintain relatively constant reactivity over
multiple burn cycles. Although three PDCVSs 240, 250, 260
are shown, the implemented NTP system 100 may not
include a PDCVS 240, 250, 260 at all or include one, two,
or more of the illustrated PDCVSs 240, 250, 260. When a
PDCVS 240, 250, 260 1s not used, reactivity control can be
achieved by employing passive reactivity control technolo-
gies disclosed herein, for example, gadolinium loading.

During the burn cycle, the propellant (e.g., liquid hydro-
gen: LH,) tlows from a propellant tank 201 to the turbopump
assembly (TPA) 140. Although the TPA 140 1s shown as a
single turbopump in FIG. 2, the NTP system 100 typically
includes more than one turbopump, for example, two tur-
bopumps as shown 1n FIG. 1. The propellant 1s moved by the
pump (P) of the turbopump assembly 140 and is split mnto
two cooling flow paths 1n this example.

The first cooling flow path 210 cools the nozzle 170,
pressure vessel (element 330 1n FIG. 3), neutron reflector
(element 185 in FIG. 1), and control drums 130A-B. A
propellant density control valve system (PDCVS) 250 can
be 1n the first cooling tlow path 210 to adjust the density of
the propellant that 1s flowed to nozzle 170, pressure vessel
(element 330 in FIG. 3), neutron retlector (element 185 1n
FIG. 1), and control drums 130A-B. Because of the transi-
tion of the propellant from a liquid to a gas state during the
burn cycle, density i1s controlled by varying the hydrogen
pressure in the propellant loop as per the ideal gas law
(PV=nRT) where a percentage change 1n pressure 1s accom-
panied by a corresponding percentage change in density.

The second cooling flow path 220 cools the tie tubes
(elements 320A-N 1n FIG. 3) of the nuclear reactor core 110.
PDCVS 240 can be 1n the second cooling flow path 220 to
adjust the density of the propellant that 1s flowed to the tie
tubes (elements 320A-N 1n FIG. 3) of the nuclear reactor
core 110. In one example, when the propellant density 1s
varied 1n the tie tubes and associated systems by varying
percentages from 100% to 200% of nominal propellant
density (equivalent to the same percentages from nominal
propellant pressures), the reactivity of the nuclear reactor
core 110 1s noticeably increased. Alternatively, the TPA 140
itself can adjust the density of the propellant.

The cooling flow paths 210, 220 are then merged and the

propellant (e.g., heated hydrogen gas) 1s used to drive the
turbine (1) of TPA 140 1n a heating flow path 230 as depicted

in FIG. 3. APDCVS 260 can be 1n the heating tlow path 230
to adjust the density of the propellant that 1s flowed to the

tuel elements (310A-N 1n FIG. 3) of the nuclear reactor core

110.
The propellant, which 1s now turbine exhaust (e.g., hydro-
gen gas—H,) 1s then routed back into the pressure vessel
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(clement 330 in FIG. 3) and the internal shield 160 of
nuclear reactor core 110. Next, the propellant enters propel-
lant passages (elements 410A-N 1 FIGS. 4-5, 7) i fuel
clements (310A-N 1n FIG. 3) of the nuclear reactor core 110.
Consequently, the propellant absorbs thermal energy pro-
duced from the fission of the nuclear fuel and 1s superheated
to high exhaust temperatures (e.g., 2550° to 2950° K), then
expanded out a nozzle 170 and nozzle skirt extension 180
with a high area (e.g., 300:1) for thrust generation.

Each PDCVS 240, 250, 260 can include a valve and an
actuator. Each PDCVS 240, 250, 260 can be electronically
or mechanically operated by one or more actuators that
activate a valve mechanically, electronically, or using a
combination thereof. The valve 1n each PDCVS 240, 250,
260 can be spring loaded to one position and electrically
actuated to another position to adjust valve position and
hence propellant density via electric signals from a com-
puter. Mechanically activated valves can be advantageous
for control of liquid propellant flows; whereas, electrically
activated valves can be used for lighter loads, such as
gaseous propellant tlows.

For example, the valve of each PDCVS 240, 250, 260 1s
controlled by the actuator via mechanical energy, such as
hydraulic fluid pressure, pneumatic pressure, thermal
energy, or magnetic energy. The actuator can be controlled
by external mechanical energy or electronic circuitry, for
example, the actuator can be driven by electric current
control signals from a computer, microcontroller, digital or
analog circuit, etc. The actuator can be a solenoid, variable
displacement pump, electric motor, hydraulic cylinder,
pneumatic, screw jack, ball screw, hoist, rack and pinion,
wheel and axle, chain drive, servomechanism, stepper
motor, piezoelectric, shape-memory, electroactive polymer,
thermal bimorph, etc. In one example, the actuator 1s an
internally piloted solenoid valve that acts directly on the
valve. The valve and the actuator can collectively form a
solenoid valve or a servovalve, such as an electrohydraulic
servo valve. It may be advantageous for each PDCVS 240,
250, 260 to include multiple actuators, such as a solenoid
driven by conveyed electric control signals that, in turn, acts
on other actuators, such as a larger rack and pinion actuator,
that 1n turns controls a pneumatically actuated valve, for
example.

As shown, the NTP system 100 comprises a propellant
tank 110 to store the propellant, a nuclear reactor core nlet
231 directly or indirectly connected to the nuclear reactor
core 110, a propellant line 120 directly or indirectly con-
nected to the propellant tank to flow the propellant to the
nuclear reactor core inlet 231, and a propellant density
control valve system 240 or 260 directly or indirectly
connected between the propellant line 120 and the nuclear
reactor core inlet 231 to regulate density of the propellant
flowing into the nuclear reactor core 110.

NTP system 100 further comprises a turbopump assembly
(TPA) 140 comprising at least one turbopump that includes
a turbine (t) and a pump (p). The pump (p) 1s configured to
cool the nuclear reactor core 110 during a burn cycle by
flowing the propellant from the propellant tank 201 through
the propellant line 120 to the propellant density control
valve system 240 and then through the nuclear reactor core
inlet 231. As shown, the nuclear reactor core inlet 231
includes a tie tube inlet 235 to flow the propellant to the
array of tie tubes (elements 320A-N 1n FIG. 3) and 1s directly
or indirectly connected to the propellant density control

valve system 240 and a respective propellant supply passage
(clement 810 1n FIG. 8) of a respective tie tube (element 320
in FIG. 8) in the array of tie tubes (elements 320A-N 1n FIG.
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3). The pump (p) may be further configured to flow the
propellant through the tie tube 1nlet 235, through the respec-
tive propellant supply passage (element 810 in FIG. 8) of the
respective tie tube (element 320 1n FIG. 8) 1n the array of tie
tubes (elements 320A-N 1 FIG. 3), and then through a
respective propellant return passage (element 840 1n FIG. 8)
of the respective tie tube (element 320 1n FIG. 8).

The NTP system 100 further comprises a propellant
heating line 225 directly or indirectly connected to the
turbine (t) and the respective propellant return passage
(element 840 in FIG. 8) of the respective tie tube (element
320 1in FIG. 8). As depicted, the NTP system 100 further
comprises a second propellant density control valve system
260 directly or indirectly connected to the turbine (t) and the
nuclear reactor core inlet 231 to regulate density of the
propellant flowing back to the nuclear reactor core 1nlet 231.
The pump (p) may be configured to flow the propellant
returned by the respective propellant return passage (ele-
ment 840 1 FIG. 8) to the turbine (t) via the propellant
heating line 225. The turbine 1s configured to flow the
propellant back to the second propellant density control
valve system 260 and the nuclear reactor core inlet 231 as
shown.

In the example, the nuclear reactor core inlet 231 further
includes a fuel element inlet 2435 to flow the propellant to the
array of fuel elements (elements 310A-N 1n FIG. 3) and 1s
directly or indirectly connected to the second propellant
density control valve system 260 and a respective propellant
passage (element 410A-N 1n FIGS. 4-5, 7) of a respective
fuel element (element 310 1n FIGS. 4-5, 7) of the array of
fuel elements (elements 310A-N in FIGS. 3-4). The turbine
(t) may be configured to flow the propellant to the second
propellant density control valve system 260, through the fuel
clement inlet 243, and then through the respective propellant
passage (element 410A-N 1n FIGS. 4-5, 7) of the respective
tuel element (element 310 1n FIGS. 4-5, 7) of the array of
fuel elements (elements 310A-N 1n FIGS. 3-4).

NTP system 100 may further comprise a pressure vessel
(element 330 1n FIG. 3) housing the nuclear reactor core 110
that 1s directly or indirectly connected to the propellant
density control valve system 240 or 260. The pressure vessel
(element 330 in FIG. 3) includes a pressure vessel inlet 255
connected to the periphery volume of the pressure vessel
(element 330 1n FIG. 3) that 1s outside of the nuclear reactor
core 110. The pressure vessel (element 330 in FIG. 3) may
include a pressure vessel outlet 295 to return the propellant
passing through the periphery of the pressure vessel (ele-
ment 330 1n FIG. 3). The depicted NTP system 100 further
comprises a propellant heating line 225 directly or indirectly
connected to the turbine (t) and the pressure vessel outlet
295. The pump (p) may be further configured to flow the
propellant to the pressure vessel inlet 255, through the
periphery of the pressure vessel (element 330 in FIG. 3), and
then flow the returned propellant from the pressure vessel
outlet 295 to the turbine (t) via the propellant heating line
225,

As shown, the NTP system 100 further comprises a nozzle
170, a plurality of control drums 130A-B, a neutron reflector
(element 185 1 FIG. 1), and a second propellant density
control valve system 250 directly or indirectly connected
between the propellant line 120 and the pressure vessel nlet
255 to regulate density of the propellant flowing into the
nozzle 170, periphery of the pressure vessel (element 330 in
FIG. 3), neutron reflector (element 185 i FIG. 1), and
control drums 130A-B.

In our example, each of the propellant density control
valve systems 240, 250, 260 includes a regulator valve to
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adjust density of the propellant passing through the regulator
valve from an imitial density when entering the regulator
valve to a regulated density when exiting the regulator valve.
Each of the propellant density control valve systems 240,
250, 260 also includes an actuator to actuate the regulator
valve by adjusting the regulated propellant density upwards
during each subsequent burn cycle to maintain constant
reactivity at a beginning of each of the subsequent burn
cycles. The actuator can be electric, mechanical, thermal,
magnetic, or a combination thereof. The propellant density
control valve systems 240, 250, 260 can further include a
flow control circuit to control speed of the actuator and the
flow control circuit 1s a bleed-ofl circuit, meter-out circuit,
or meter-in circuit.

The regulator valve and the actuator of each of the
propellant density control valve systems 240, 250, 260 can
form a solenoid valve or an electrohydraulic servovalve. In
an example, the regulator valve and the actuator form the
solenoid valve and the solenoid valve 1s controlled by
clectric signals conveyed from an external computer, a
digital circuit, an analog circuit, or a combination thereof.

The propellant can be hydrogen and the regulator valve
can be configured to regulate the density of the hydrogen by
adjusting the percentages between 100% and 200% of
nominal hydrogen density (equivalent to the same percent-
ages from nominal hydrogen pressures) to increase reactiv-
ity of the nuclear reactor core 110. This density adjustment
range can be inclusive or exclusive of the 100% or 200%
endpoints (1include 100% and 200% or exclude 100% and
200%). For example, the regulator valve 1s configured to
adjust density of the hydrogen from an 1mitial density to a
regulated density by varying pressure between 100% and
200% of nominal hydrogen pressure, inclusive, to increase
reactivity of the nuclear reactor core 110. The nominal
hydrogen pressure can be 5 to 15 megapascals (MPa), and
more specifically can be 8 MPa.

FIG. 3 1s a cross-sectional view 300 of the nuclear reactor
core 110 and components, including an array of fuel ele-
ments 310A-N and an array of tie tubes 320A-N bundled
together. As shown in FIG. 3, the fuel elements 310A-N and
tie tubes 320A-N are typically hexagonally shaped elements.
A beryllium barrel 340 surrounds the bundled collection that
includes the array of fuel elements 310A-N and the array of
tie tubes 320A-N of the nuclear reactor core 110. As
depicted, the control drums 130 then surround the beryllium
barrel 340 and reside on the perimeter or periphery of a
pressure vessel 330. The pressure vessel 330 can be com-
prised of other components, including cylinders, piping, and
storage tanks that transfer the propellant, such as hydrogen
gas.

The beryllium barrel 340 includes partially hexagonally
shaped filler elements which surround the perimeter of the
tuel elements 310A-N and tie tubes 320A-N that make up
the nuclear reactor core 110. Typically the control drums
130, fuel elements 310A-N, and tie tubes 320A-N are the
same length; however, 1t should be understood that the
lengths can differ depending on the implementation. A
portion of the nuclear reactor core 110 1s encircled as
clement 305 and this nuclear reactor core portion 3035 is
magnified 1n FIG. 4.

FIG. 4 1s an enlarged plane view of a portion of the
nuclear reactor core 110 of FIG. 3. The nuclear reactor core
portion 305 depicts an array of fuel elements 310A-N
interspersed with an array of tie tubes 320A-N. In the
example, each fuel element 310A-N 1s 1n contact with three
tie tubes 320A-N: however, 1t should be understood that fuel
clements on the periphery of the nuclear reactor core 110
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typically contact fewer tie tubes 320A-N. Six tuel elements
310A-N surround each tie tube 320A-N. The ratio of fuel

clements 310A-N to tie tubes 320A-N can be adjusted. The
tuel elements 310A-N and tie tubes 320A-N are hexagonally
shaped elements. As shown, each tie tube 320 includes two
tie tube layers 600 (inner and outer layers), a moderator
sleeve 630, a graphite sleeve, and a coating 690. The coating
690 of the tie tube 320 can be formed of zirconium carbide
(ZrC). Each fuel element 310 includes propellant passages
410A-N.

FIG. 5§ 1s an illustration of a fuel element 310 of the
nuclear reactor core 110. The fuel element 310 1s formed of
a nuclear fuel, such as a uranium and graphite fuel. In the
example, the fuel element 310 includes nineteen propellant
passages 410A-N that are equally spaced opening or holes to
allow the propellant to pass through a respective channel 1n
the nuclear reactor core 110 and 1nto a thrust chamber (not
shown). In other words, the propellant passages 410A-N are
the flow path for the propellant to pass through the fuel
clement 310 in the nuclear reactor core 110. Although not
shown, the thrust chamber 1s typically positioned at the
bottom of the nuclear reactor core 110. The propellant
passages 410A-N 1n the fuel element 310 are approximately
2.54 mm 1n diameter. It should be understood that the
number of propellant passages 410A-N 1n the fuel element
310 and size (e.g., diameter) can be varied. The external
surfaces of the tuel element 310 and the propellant passages
410A-N have a deposited coating 3520, such as ZrC.

FIG. 6 15 an illustration of a tie tube 320 of the nuclear
reactor core 110. The tie tube 320 provides in-core cooling
and structural support for the nuclear reactor core 110. As
shown, tie tube 320 houses two tie tube layers 600 (inner and
outer layers), a moderator sleeve 630, a graphite insulation
layer 665, and a graphite sleeve 683 surrounded by a coating
(element 690 1n FIG. 4 and element 890 1n FIG. 8).

The moderator sleeve 630 1s a neutron moderator mass,
typically formed of a solid hydnde (ZrH, YH, LiH, etc.),
such as zircontum hydrnide (e.g., ZrH, ), that thermalizes
fast neutrons resulting from nuclear fission events. Because
the quantity of thermal energy obtained by cooling the
nozzle (element 170 1n FIGS. 1-2) and control drum (ele-
ment 130 i FIGS. 1-2) 1s mnadequate, the nuclear reactor
core 110 includes the tie tube 320 to extract additional
thermal energy from the nuclear reactor core 110. A cooled
propellant, such as hydrogen, passes through the center of
the tie tube 320 via a propellant supply passage (element 810
in FIG. 8). The propellant 1s then returned via an outer
annular flow path through the tie tube 320 via a propellant
return passage (element 840 1n FIG. 8). Hence, the tie tube
320 behaves as a dual pass heat exchanger.

FIG. 7 1s a cross-sectional view of the fuel element 310 of
FIGS. 4 and 5. The length of the cross-section of the fuel
clement 310 1s approximately 1.913 cm. The fuel element
310 includes a fuel matrix 730 that has a hexagonally shaped
cross-section and 1s formed of (UC—ZrC)C composite
material. Nineteen propellant passages 410A-N with an
approximately 2.54 mm diameter opening are formed as
channels in the fuel matrix 730 as depicted. A zirconium
carbide (ZrC) coating 520 1s deposited on the fuel matrix
730. A burnable poison, such as Gd can be dispersed nside
the tuel matrix 730, which can be advantageous in terms of
seli-shielding, particularly for a graphite composite matrix
based fuel type.

FIG. 8 1s a cross-sectional view of the tie tube 320 of
FIGS. 4 and 6 that depicts inner and outer tie tube layers and
other layers of the tie tube 320. At approximately 1.913 cm,
the length (L) of the cross-section of the tie tube 320 1s the
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same or similar to the fuel element 310. As shown, the tie
tube 320 i1ncludes a propellant supply passage 810 to flow a
propellant, an 1nner tie tube layer 820 surrounding the
propellant supply passage 810, a moderator sleeve 830
surrounding the mner tie tube layer 820, a propellant return
passage 840 surrounding the moderator sleeve 830, and an
outer tie tube layer 850 surrounding the propellant return
passage 840. The layers of the tie tube 320 are radially or
annularly arranged, including the propellant supply passage
810, the 1nner tie tube layer 820, the moderator sleeve 830,
the hydrogen return passage 840, and the outer tie tube layer
350, etc.

In this example, the inner tie tube layer 820 has an
approximately 0.521 mm outer diameter and a 1.02 mm
thick radial wall. The moderator sleeve 830 has an approxi-
mately 0.533 mm inner diameter and an approximately
1.168 mm outer diameter. The outer tie tube layer 850 has
an approximately 1.410 mm outer diameter and an approxi-
mately 0.54 mm thick radial wall. Hence, the respective
radial wall thickness of the outer tie tube layer 850 1s less
than the inner tie tube layer 820.

As shown, the tie tube 320 also includes an inner gap 860
(c.g., a first gap) that 1s an approximately 0.13 mm space
between the inner tie tube layer 820 and the moderator
sleeve 730. The tie tube 320 also includes a graphite
insulation layer 865 surrounding the outer tie tube layer 850.
The graphite insulation layer 865 1s pyrolytic graphite
thermal 1insulation (e.g., zircomium carbide) and has an
approximately 1.613 mm outer diameter and an approxi-
mately 1.410 mm inner diameter. Tie tube 320 also mncludes
a medial gap 870 that 1s an approximately 0.13 mm space
(e.g., a second gap) between the outer tie tube layer 850 and
the graphite insulation layer 865. The tie tube 320 also
includes an outer gap 880 (e.g., third gap) that 1s an
approximately 0.13 mm space surrounding the graphite
insulation layer 8635. The graphite insulation layer 865 is
tormed of zirconium carbide (ZrC), but ZrC can be replaced
or supplemented with other materials besides zirconium
carbide, such as titanium carbide, silicon carbide, tantalum
carbide, hatnium carbide, ZrC—Z7rB, composite, or ZrC—
/ZrB,—S1C composite. It should be understood that the tie
tube 320 can be formed with an arbitrary number of gaps,
such as one gap, two gaps, or more than three gaps.
Alternatively, the tie tube 320 can be formed with no gaps
at all, for example, the mner gap 860, the medial gap 870,
and the outer gap 800 may not be present.

As shown, a graphite sleeve 885 surrounds the outer gap
880, and a coating 890 formed of zircommum carbide or
niobium carbide surrounds the graphite sleeve 885. The
graphite sleeve 883 has an approximately 1.626 mm 1nner
diameter.

The inner tie tube layer 820 and outer tie tube layer 8350
can be formed of a variety of alloys, including austenitic
nickel-chromium based superalloys known as Inconel. An
alloy that forms the outer tie tube layer 820 may be supple-
mented with a burnable poison that includes Gadolinium
(Gd) and the Gd 1s dispersed 1n the alloy that forms the outer
tie tube layer 850. Alternatively or additionally, an alloy that
forms the outer tie tube layer 820 1s supplemented with a
burnable poison that includes Gadolinium (Gd) and the Gd
1s dispersed in the alloy that forms the mner tie tube layer
720. The Gd dispersed 1n the mner or outer tie tube layer
alloys can be 1n a quantity of greater than O parts per million
(ppm) and less than or equal to one-thousand (1,000) ppm,
for example, 20 parts per million (ppm) to 200 ppm, or 20
ppm to 30 ppm. The amount of Gd dispersed 1n the Gd alloy
depends on the thickness of the component, the enrichment

5

10

15

20

25

30

35

40

45

50

55

60

65

16

of the Gd, and the fuel material. By having a low compo-
sition of Gd 1n the inner or outer tie tube layer alloys, low
self-shielding properties of Gd are advantageously obtained.

Inconel alloys are oxidation and corrosion-resistant mate-
rials well suited for service 1n extreme environments sub-
jected to high pressure and kinetic energy. When heated,
Inconel forms a thick and stable passivating oxide layer
protecting the surface from further attack.

Different Inconels have widely varying compositions, but
all are predominantly nickel, with chromium as the second

clement. In one example, Inconel 718 1s used, which com-
prises nickel (50.0-55.0%), chromium (17.0-21.0%), 1ron

(balance), molybdenum (2.8-3.3%), niobium (4.75-5.5%),
cobalt (1.0%), manganese (0.35%), copper (0.2-0.8), alumi-
num (0.65-1.15%), titanium (0.3%), silicon (0.35%), carbon
(0.08%), sultur (0.015%), phosphorus (0.015%), and boron
(0.006%) 1n varying percentages by mass. Other Inconels
can be used, such as Inconel 600, 617, 625, 690, and X-750,
which include subsets of the elements found in Inconel 718
and in different percentages by mass.

The burnable poison can be dispersed in various locations
or layers of the tie tube 320, including the moderator sleeve
830, the 1nner tie tube layer 820, and the outer tie tube layer
850. Of these locations, the outer tie tube layer 850 may be
selected as the location of choice due to thinness of the outer
tie tube layer 850 relative to the inner tie tube layer 820 and
the moderator sleeve 830, as well as the reduced role of the
outer tie tube layer 850 as a structural element when
compared with the inner tie tube layer 820. The thinness of
the outer tie tube layer 850 reduces the spatial self-shielding
of the burnable poison and the lack of need to provide
structural support reduces the worry that additions of Gd to
the material reduces strength of the outer tie tube layer 8350
below acceptable levels. As noted 1n FIG. 7 above, while the
fuel matrix 1s promising in terms of seli-shielding, particu-
larly for the graphite composite fuel type matrix, the outer
tie tube 850 of tie tube 320 can be advantageous because of
the reduced cost compared to the exponential increase in
development costs associated with nuclear fuel develop-
ment.

Also, the spacing size of the gaps 860, 870, and 880 can
vary depending on the implementation of the tie tube 320.
The outer tie tube layer 850 can also be formed of or
supplemented with zirconium or zirconium carbide.
Baseline Nuclear Fuel Cores

FIG. 9 15 a table of two reference cores based on two fuel
types, Superb Use of Low Enriched Uramium (SULEU) 910
utilizing (U,Zr)C 1n a graphite composite matrix and the
Space Capable Cryogenic " Engine (SCCTE) 920

Thermal
utilizing UQO, 1n a tungsten (W) ceramic and metal matrix
(CERMET), that includes configuration and performance
details. Although the examples disclosed herein relate to
passive reactivity control systems applied to two baseline
LEU-NTP cores that include SULEU 910 and SCCTE 920,
it should be understood that different fuel cores can be used.
Other tuel cores that can be used include coated UC, 1n
graphite; (U, Zr, X)C where X=Ta, W, Hf advanced tricar-
bide; (U, Zr)C (binary) (U, Zr, Nbc)C (ternary) carbide type
tuels, UO2 1n a refractory metal matrix such as Mo, Os, or

Nb; or coated U-compounds 1n a refractory carbide matrix
such as S1C, ZrC, or NbC(C.

The first core, SULEU 910, 1s a graphite composite fueled
core, that 1s a solid hydride moderated (ZrH, YH, LiH, etc.)
LEU nuclear thermal propulsion concept. The second core,
SCCTE 920, 1s a LEU CERMET {fueled core, that 1s an LEU
Ww-UO2, sohd hydride moderated (ZrH, YH, LiH, etc.) LEU

nuclear thermal propulsion concept. Although various solid
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hydride moderators can be used to form the moderator
sleeve of the tie tubes to moderate the fuel elements of the
SULEU 910 and SCCTE 920 cores, 1n an example, the
moderator sleeve of the tie tubes includes ZrH and more
specifically ZrH, . Both SULEU 910 and SCCTE 920 are
mass optimized systems designed for a 2030s human Mars
mission with the same thrust and Isp. The SULEU 910 and
SCCTE 920 cores are designed using the SPACE code (a
variant of the SPOC code) and identified through a brute
force optimization where thousands of core configurations
are generated and then analyzed for their performance.

The core configurations, core details, and performance
spec1ﬁcat10ns of SULEU 910 and SCCTE 920 are provided
in FIG. 8. SCCTE 920 was originally presented at the 2015
Winter American Nuclear Society along with the details of
the optimization method 1n Eades M. I, Deason W. R., Patel
V. K., “SCCTE: An LEU NTP Concept with Tungsten
Cermet Fuel,” Winter American Nuclear Society Meeting
2015, Washington D.C. (November 2013), the contents of
which 1s incorporated by reference in 1ts entirety as if fully
set forth herein. The same optimization method was also
used for SULEU 910 and was presented at the Nuclear and
Emerging Technology for Space 2016 conference 1n Venneri
P. F., Eades M. J. “A Point Design for a LEU Composite

NTP system: Superb Use of Low FEnriched Uranium

(SULEU),” Nuclear and Emerging Technologies for Space
2016, Huntsville, Ala. (February, 2016), the contents of
which 1s icorporated by reference 1n 1ts entirety as if fully
set forth herein.

FIG. 10 1s a graph 1llustrating reactivity over time of the
two reference cores of FIG. 9. Specifically, FIG. 10 presents
how reactivity changes for the SULEU 910 and SCCTE 920
reactors over a timeline of a DRA 5 style mission to Mars.
These curves were produced with computational tools,
including customized code and Monte Carlo reactor physics
codes such as MCNP 6.1 and Serpent 2 for neutronic
analysis.

Four burn cycles are shown which are Trans Martian
Injection 1 (TMI1), Trans Martian Injection 2 (1MI2), Mars
Orbital Injection (MOI), and Trans Earth Injection (TEI).
The TMI1, TMI2, MOI, and TFEI are shown in FIGS. 13-18
as a first burn cycle (bc), a second burn cycle, a third burn
cycle, and a fourth burn cycle, respectively.

A number of phenomena can be seen in the graph of FIG.
10. During full power operation there are two factors which
result 1 the reduction of reactivity which consequently
requires the rotation of the control drums to maintain a
critical reactor: fissile material depletion (*°U) and fission
product production (notably the powerful fission products
25X e). The combination of these two factors, results in the
noticeable reduction in reactivity during the full power
burns. The most noticeable feature in FIG. 10, however, 1s
the large negative reactivity insertion between TMI1 and
TMI2 and the resulting reactivity surge during TMI2. This
is caused by the fission product 1 which then decays (6.6
hour Half-life) into 135Xe (9.1 hour Hali-life) causing the
135Xe to buildup and producing the large negative reactivity
insertion.

FIG. 11 1s a graph illustrating a specific impulse (I,,)
penalty associated with turning a control drum for a nuclear
reactor core that utilizes the SCCTE core. FIG. 12 1s a graph
illustrating a specific impulse (I,,) penalty associated with
turning a control drum for the SULEU core. In existing N'TP
designs, such as for SCCTE and SULEU cores, the reactiv-
ity changes noted 1 FIG. 10 are resolved by rotating the
radial control drums. This, however, introduces a number of
1Ssues.
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First of all there 1s a loss of I, associated with circum-
terential control drum movement from a designed nominal
position of the control drums. The I, loss stems trom the
need for each propellant coolant channel 1n an NTP reactor
to be orificed to the power deposited 1n that channel 1n order
to achieve the desired propellant coolant exit temperature.
When the circumierential control drums rotate, the spatial
power deposition changes and renders the careful channel
orificing ineflective as 1t no longer aligns with the spatial
power deposition. This then ensures that certain elements
will be recerving more power than they were orificed for
which then requires that the entire core power be reduced 1n
order to prevent these elements from exceeding their maxi-
mum allowable temperatures and to maintain the desired

thrust level.

Beyond losing I, actively turning control drums during
operation 1s very complicated. A nested closed loop control
system with control drums and rocket power cycle 1s enor-
mously complex. Furthermore, actively turning control
drums 1introduces a failure mechanism to the reactor as
control drums can get stuck or over insert reactivity.

Burnable Poison—BORGalloy

FIG. 13 1s a graph of SULEU core burnup using different

gadolintum loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 during multiple
Trans Martian Injection (TMI) burns. FIG. 14 1s a graph of
SCCTE core burnup using different gadolinmum loadings
dispersed 1n an alloy that forms the outer tie tube layer of the
tie tube of FIG. 8 during multiple TMI burns.

In order to counter the drop 1n reactivity found during full
power operation due to fuel depletion and fission product
accumulation, a burnable neutron poison 1s mtroduced into
the nuclear reactor core, for example, 1n an active region of
the nuclear reactor core. A burnable neutron poison 1s an
1sotope that has a large neutron absorption cross-section that
1s converted mnto non neutron-absorbing 1sotope with the
absorption of a neutron. As the neutron poison 1s depleted,
there 1s a resulting increase in the core reactivity. When done
correctly, the amount of the neutron poison 1s selected or
tailored to match the reactivity reduction from the fissile

depletion and fission product build-up of the nuclear fuel.

In an example, a BORGalloy (Burnable-poison Operating,
a Reactor with Gadolinium alloy) 1s utilized. The burnable
poison selected is ">’Gd, which is dispersed in minute
quantities in the outer tie tube. The '>’Gd poison is selected
because of 1ts extremely high absorption cross-section and
its conversion to an 1sotope that has a comparatively much
lower absorption cross-section. In contrast, >°Gd has a
thermal absorption cross-section that 1t 1s between 2 and 4
orders of magnitude lower. Although '°’Gd is used in the
disclosed examples, 1t should be understood that other Gd
isotopes can be used, including stable isotopes of >*Gd,
1>°Gd, °°Gd, °°Gd and '°°Gd, and even less stable iso-
topes, such as ">*Gd and >°Gd. It should also be understood
that Gd 1n 1ts natural 1sotopic composition or an enriched Gd
isotope, such as enriched "’Gd, can be utilized.

When the burnable poison 1s introduced into the nuclear
reactor core such that 1t has minimal self-shielding (maxi-
mum exposure to the core’s neutron flux), the burnable
poison can be rapidly depleted and result in an appreciable
change 1n reactivity. Additionally, the low self-shielding
ensures that the depletion rate remains relatively constant for
all burns, removing the need to replace the burnable poison
at the beginning of each burn. While poison loaded materials
exist 1n civilian nuclear power, such poison loaded materials
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are designed to compensate for fissile depletion only and
have a much larger poison loading, enhancing self-shielding
rather than reducing it.

Various locations were explored including the moderator
sleeve of the tie tube, the mner and outer tie tube layers of
the tie tube, and the fuel matrix. Of these, the outer tie tube
was selected as the location of choice. This 1s due to the
thinness and reduced role of the outer tie tube layer as a
structural element when compared with the mner tie tube
layer. The thinness of a component (e.g. the outer tie tube
layer) reduces the spatial seli-shielding of the burnable
poison and the lack of need to provide structural support
reduces the worry that additions of Gd to the material wall
reduce its strength below acceptable levels. While the fuel
matrix 1s promising in terms of seli-shielding, particularly
for a graphite composite matrix, the outer tie tube layer can
be preferred 1n terms of compatibility with existing require-
ments. For example, introducing Gd into the fuel matrix of
cach of the fuel elements results 1n an exponential increase
in development costs.

As shown 1n FIGS. 13 and 14, with the identification of

">7Gd as the burnable poison, it was then implemented into
both baseline cores of SULEU and SCCTE to flatten the
reactivity profile during full power operation. The results for
various Gd loadings are presented in FIGS. 13 and 14 for
SULEU and SCCTE, respectively. Through the variation of
the Gd content, 1t 1s possible to achieve a near tlat reactivity
change during full power operation for the TMI1, MOI, and

TEI for both cores. Specifically, 20 parts per million (ppm)
for SULEU and 30 ppm for SCCTE of enriched Gd achieve
near flat reactivity profiles for TMI1, MOI, and TFEI.

Multiple burn cycles are shown 1n both FIGS. 13 and 14.
More specifically, four burn cycles are shown. The first burn
cycle (bc) 1310, 1410 1s referred to as the Trans Martian
Injection 1 (TMI1) burn; the second burn cycle 1320, 1420
1s referred to as the Trans Martian Injection 2 (1MI2) burn;
the third burn cycle 1330, 1430 i1s referred as the Mars
Orbital Imjection (MOI) burn; and the fourth burn cycle
1340, 1440, 1s referred to herein as the Trans FEarth Injection
(TEI) burn.

During the first burn cycle 1310, 1410 (TMI1) that spans
a twenty minute period, the NTP system leaves Earth’s
surface and the reactor 1s on during which period of time the
reactivity 1s relatively static and xenon builds up. After the
initial twenty minute operation period of the first burn cycle
1310, 1410, the reactor 1s then shut down and the reactivity
slowly decreases for a five hour period as a result of xenon
decay. During this five hour reactor shutdown period, the
NTP system 1s 1n an elliptical orbit around the Earth.

During the second burn cycle 1320, 1420 (IMI2) that
spans a {ifiteen minute period, the reactor 1s then turned back
on to enter a Martian intercept orbit to slingshot out of
Earth’s orbit and towards the Martian intercept orbit at
which point a large increase 1n reactivity 1s seen. Initially,
during the second burn cycle 1320, 1420, there 1s very rapid
depletion of the remaining xenon as a result of the remaining
xenon being burned up. As a result of the xenon being burnt
up during the second burn cycle 1320, 1420, the reactivity
increases significantly towards the end of the second burn
cycle and becomes relatively static. After the second burn
cycle 1320, 1420, the reactor 1s powered down and remains
ofl for a 200 day period as the NTP system approaches Mars.
During a third burn cycle 1330, 1430 (MOI) after the 200
day Mars approach period, the reactor burns for five minutes
to enter Martian orbait.

The reactor 1s then powered off for a 500 day period in

Martian orbit. After 500 days 1n Martian orbit, the reactor
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burns for another five minute period during a fourth burn
cycle 1340, 1440 (TEI) to leave the Martian orbit and enter
a Harth intercept trajectory. Subsequent burn cycles (not
shown) can be used to enter a stable Earth orbit and be
reused for subsequent missions.

As discussed above, an eflect of the use of the Gd
burnable poison 1s an increased change 1n 1nitial reactivity.
This difference 1s due to the depletion of the poison, which
while mitigated somewhat by the depletion of fissile mate-
rial, can be significant. Without proper mitigation, this can
result 1 the core requiring distinctly different start-up con-
trol drum positions that will 1 turn result in different
performance characteristics for each burn. Despite this, the
reactivity during all of the burn cycles shown 1n FIGS. 13
and 14 1s generally well controlled and remains relatively
static despite the 1nitial accumulation of xenon. By control-
ling the spatial self-shielding, a linear depletion rate of the
(d neutron poison 1s attained that matches the production of
xenon-135 (stable and meta-stable states) with other fission
products and the depletion of the fissile material. The result
1s that a flat reactivity profile 1s attained without any operator
input, removing the need for radial control drum movement
during operation of the burn cycles.

As shown 1 FIG. 13, towards the end of the five hour
reactor shutdown period between the first burn cycle 1310
and second burn cycle 1320, SULEU reaches the lowest
reactivity level when the Gd loading 1s O ppm. In contrast,
a 60 ppm Gd loading has the highest reactivity towards the
end of this five hour reactor shutdown period. During the
second burn cycle 1320, a O ppm Gd loading results in the
lowest reactivity towards the end of the second burn cycle
1320 while a 60 ppm Gd loading provides the highest
reactivity. Although a 60 ppm Gd loading has the highest
reactivity during the burn cycles 1310, 1320, 1330, and 1340
tfor SULEU fuel, a 20 ppm Gd loading can be optlmal by
oflering the best compromise level to provide a relatively
low reactivity of SULEU fuel during the five hour reactor
shutdown period between the first burn cycle 1310 and
second burn cycle 1320, yet provide a relatively high
reactivity during the first, second, third, and fourth burn
cycles 1310, 1320, 1330, and 1340.

As shown in FIG. 14, towards the end of the five hour
reactor shutdown period between the first burn cycle 1410
and the second burn cycle 1420, SCCTE reaches the lowest
reactivity level when the Gd loading 1s O ppm. In contrast,
a 70 ppm Gd loading has the highest reactivity towards the
end of this five hour reactor shutdown period. During the
second burn cycle 1420, a 0 ppm Gd loading results in the
lowest reactivity towards the send of the second burn cycle
1420 while a 70 ppm Gd loading provides the highest

reactivity. Although a 70 ppm Gd loading has the highest
reactivity during the burn cycles 1410, 1420, 1430, and 1440

tor SCCTE fuel, a 30 ppm Gd loading can be optimal by
offering the best compromise level to provide a relatively
low reactivity of SCCTE fuel during the five hour reactor
shutdown period between the first burn cycle 1410 and the
second burn cycle 1420, yet provide a relatively high
reactivity during the first, second, third, and fourth burn
cycles 1410, 1420, 1430, and 1440.

While the effectiveness of the dispersed Gd can deterio-
rate over time as the Gd 1s slowly depleted, 1t has been
shown 1 FIGS. 13-14 that the dispersed Gd 1s more than
able to operate successtully for a manned mission to Mars
using NTP.

Variable Hydro gen Density—HYPOSPRA

FIG. 15 1s a graph of SULEU core burnup using opti-

mized gadolimum loadings dispersed 1n an alloy that forms
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the outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system 100 of FIGS.
1-2. FIG. 16 1s a graph of SCCTE core burnup using
optimized gadolinium loadings dispersed i an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 and

hydrogen pressure correction control by the NTP system 100
of FIGS. 1-2.

To date, NTP reactors (HEU and LEU) have had only one
method by which to control the reactivity of the reactor: the
radial control drums 1n the retlector region. As has been
prewously shown, this 1s known to result in power peaking
changes in the core which are then directly correlated with
changes 1n the exit core temperature and the rocket pertor-
mance of the system.

However, as demonstrated 1in FIGS. 15 and 16, adjusting,
the hydrogen density 1n the tie tube elements can control the
reactivity of the core. In addition, hydrogen density adjust-
ments can be done in combination with Gd loadings.

This reactivity control method effectuated by the NTP
system 100 of FIGS. 1-2 works because of two parallel
changes to the neutronic environment. First of all, increasing
the density reduces radial and axial neutron leakage by
acting both as a neutron reflector (axially) and thermalizing
the neutron spectrum and reducing the average neutron path
length. Second, by thermalizing the neutron spectrum, the
fission cross-section of the core 1s increased, further bring-
ing the average neutron spectrum out of the epithermal
region and enhancing the fission to neutron absorption
cross-section ratio of the core and enhancing the neutron
economy. The combination of these two factors and the fact
that the cores are under moderated results in a noticeable
reactivity insertion when the hydrogen density 1s increased
uniformly throughout the core and the opposite when it 1s
reduced.

When the hydrogen density is varied in the tie tubes and
associated systems by varying percentages from 100% to
200% nominal hydrogen density (equivalent to the same
percentages from nominal hydrogen pressures), the reactiv-
ity of the core 1s noticeably increased. The nominal hydro-
gen pressure can be S to 15 megapascals (MPa), and more
specifically be 8 MPa. The slope of the line 1s referred to as
the worth of the hydrogen pressure, that is the change in $
of reactivity per change in percent pressure. For the two
cores, the hydrogen worth 1s 0.026 $/% change for SULEU
and 0.007 $/% change for SCCTE. These are later reported
in FIG. 21.

This propellant density control system can have two
unique modes of operation. First, the propellant density
control system can be passive in the sense that no operator
control 1s required. Second, the propellant density control
system can, alternatively or additionally, be an active reac-
tivity control system that requires an operator to provide
input to manually adjust the hydrogen density similar to an
operator providing input to manually radially rotate control
drums.

The propellant density control system has a valve system
that can include an adjustable inlet or outlet valves to
actively control hydrogen density in the tie tube, for
example, the pressure density control valve system (e.g.,
clement 240 in FIG. 2) of the NTP system 100 shown 1n
FIGS. 1-2. The pressure density control valve system (e.g.,
clement 240 1 FIG. 2) provides constant reactivity insertion
during each burn. By having a different hydrogen pressure
for each burn, the reactivity loss from the depletion of fissile
material and, 1f BORGalloy 1s implemented, the depletion of
the burnable poison, can be compensated for at the begin-
ning of each burn. This means that the starting position for
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full power operation 1s made to be consistent for TMII,
MOI, and TEL As a result, an open loop reactor control
system as the imitial startup position can be made to be
consistent for all burns. This can be clearly seen in FIGS. 15
and 16 for SULEU and SCCTE respectively, where the
optlmlzed BORGalloy depletions runs have been adjusted
by varying the hydrogen pressure and having a consistent
initial reactivity.

Multiple burn cycles are shown 1n both FIGS. 15 and 16.
During the first burn cycle 1510, 1610 (TMI1) that spans a
twenty minute period, the NTP system leaves Earth’s sur-
face and the reactor 1s on during which period of time the
reactivity 1s relatively static and xenon builds up. After the
initial twenty minute operation period of the first burn cycle
1510, 1610, the reactor 1s then shut down and the reactivity
slowly decreases for a five hour period as a result of xenon
decay. During this five hour reactor shutdown period, the
NTP system 1s 1n an elliptical orbit around the Earth.

During a second burn cycle 1520, 1620 (TMI2) that spans
a fifteen minute period, the reactor 1s then turned back on to
enter a Martian intercept orbit to slingshot out of Earth’s
orbit and towards the Martian intercept orbit at which point
a large increase 1n reactivity 1s seen. Imitially, during the
second burn cycle 1520, 1620, there 1s very rapid depletion
of the remaining xenon as a result of the remaining xenon
being burned up. As a result of the xenon being burnt up
during the second burn cycle, 1520, 1620 the reactivity
increases significantly towards the end of the second burn
cycle 1520, 1620 and becomes relatively static. After the
second burn cycle 1520, 1620, the reactor 1s powered down
and remains ofl for a 200 day period as the NTP system
approaches Mars. During a third burn cycle 1530, 1630
(MOI) after the 200 day Mars approach period, the reactor
burns for five minutes to enter Martian orbit and land on
Mars. As shown, the reactivity 1s relatively static during the
third burn cycle 1530, 1630.

The reactor 1s then powered off for a 500 day period on
the surface of Mars. After 500 days on the surface of Mars,
the reactor burns for another five minute period during a
fourth burn cycle 1540, 1640 (TEI) to leave the Martian
surface and enter Martian elliptical orbit. Subsequent burn
cycles (not shown) are used to enter into an Earth intercept
trajectory, enter Earth orbit, and land back on Earth.

In FIG. 15, the reactlwty profile of SULEU during four
burn cycles 1s plotted using SULEU without any Gd load-
ings and hydrogen pressure correction (default SULEU).
Also plotted 1s the reactivity profile of SULEU with a Gd
loading of 20 ppm (SULEU & BORGalloy). Finally, the
reactivity profile of SULEU with a combination of a Gd
loading of 20 ppm and hydrogen pressure correction 1is
plotted (SULEU, BORGalloy & Press. Correct.). As shown,
the reactivity of SULEU 1s well controlled and optimal when
using the combination of Gd loading and hydrogen pressure
correction.

In FIG. 16, the reactivity profile of SCCTE during four
burn cycles 1s plotted using SCCTE without any Gd loadings
and hydrogen pressure correction (default SCCTE). Also
plotted 1s the reactivity profile of SCCTE with a Gd loading
of 30 ppm (SULEU & BORGalloy). Finally, the reactivity
profile of SCCTE with a combination of a Gd loading of 30
ppm and hydrogen pressure correction 1s plotted (SCCTE,
BORGalloy & Press. Correct.). As shown, the reactlwty of
SCCTE 1s well controlled and optimal when using the
combination of Gd loading and hydrogen pressure correc-
tion.

Varying the hydrogen density compensates for the change
in reactivity of the nuclear reactor core due to the depletion
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of fissile material and poisons 1n the nuclear reactor core
without perturbing the radial power profile of the nuclear
reactor core. In the example, the hydrogen propellant 1s
introduced into the tie tubes of the nuclear reactor core at
different pressures and an empirical measurement of the
hydrogen density 1n the tie tube elements of the nuclear
reactor core 1s made. The nominal hydrogen density 1s
determined to range from 5 to 15 megapascals (MPa), and
more specifically 8 MPa. By increasing the hydrogen den-
sity, the reactivity 1s increased and by reducing the hydrogen
density the reactivity 1s decreased. Applying this uniformly
to the nuclear reactor core allows for reactivity isertion and
removals without changing the power profile of the nuclear
reactor core. By adjusting the pressure 1n the tie tubes of the
nuclear reactor core and maintaining a constant pressure
during the burn, a constant reactivity insertion that 1s able to
accurately compensate for any change in initial reactivity
between burns 1s achieved.

Accordingly, the moderating capabilities of hydrogen
results 1n a corresponding change 1n reactivity of the nuclear
reactor core when the hydrogen concentration in the nuclear
reactor core 1s changed without aflecting radial power
distribution of the nuclear reactor core. When combined
with other reactivity controls, such as burnable poisons in
the nuclear reactor core, the control drum movement can be
mimmized to the point where control drums are used only
for start-up and shut-down and consistently return to the
same position. The power cycle of the nuclear reactor core
1s adapted to allow for vanable tie tube hydrogen pressure.
Adjusting Wait Time Between Burn Cycles or Merging Burn
Cycles

FIG. 17 1s a graph of mimimum wait time between periods
of tull-power operation for the SULEU core using optimized
gadolimum loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system 100 of FIGS.
1-2. FIG. 18 1s a graph of mmimum wait time between
periods of full-power operation for the SCCTE core using
optimized gadolimmum loadings dispersed in an alloy that
forms the outer tie tube layer of the tie tube of FIG. 8 and
hydrogen pressure correction control by the NTP system 100
of FIGS. 1-2.

One method to reduce the eflect of xenon on the core
reactivity 1s to increase the wait time between burns or
climinate the second burn. Four burn cycles are shown 1n
both FIGS. 17 and 18 beginning with the TMI1 burn (first
burn cycle 1710, 1810). The effect of this can already be
seen 1n the lack of impact the build-up of xenon has on the
Mars Orbital Imjection (MOI) burn (third burn cycle 1730,
1830) and Trans Earth Injection (TEI) burn (fourth burn
cycle 1740, 1840), both of which occur months after the
previous burn. In particular, MOI occurs 200 days after the
TMI2 burn (second burn cycle 1720, 1820) and TEI occurs
500 days after MOL.

In both of these cases, MOI 1n the third burn cycle 1730,
1830 and TFEI in the fourth burn cycle 1740, 1840, ample
time 1s allowed for the xenon to fully decay away and be

absent from the core at start-up. In the current mission
profile, however, the TMI2 burn (elements 1320, 1420 in

FIGS. 13-14) occurs 5 hours after TMI1 (elements 1310,
1410 1 FIGS. 13-14), placing 1t near the point of highest
accumulation of “>Xe. Consequently, the core has two
major 1ssues that need to be resolved. First, 1t requires a
significant positive reactivity msertion i order to be made
critical (~$8 for SULEU due to its thermal spectrum and ~$2
tor SCCTE). Second, during TMI2 burn (elements 1320,

1420 in FIGS. 13-14) the core undergoes a non-negligible

10

15

20

25

30

35

40

45

50

55

60

65

24

reactivity transient as the xenon 1s depleted. This transient 1s
an increase 1n the core reactivity whose rate of increase 1s
directly proportional to the reactor power. Needless to say,
this 1s significantly faster than any desired transient.

To resolve this, it 1s possible to extend the wait between
the two burns as shown i1n FIGS. 17-18. Ideally, the wait
time would be greater than 3 days, the time needed for the
xenon to be almost completely decayed away. However, due
to the need to minimize time 1n orbit around the Earth for
manned missions (Van Allen radiation belts), the time
between the two burns, that 1s the first burn cycle 1710, 1810
for TMI1 and the second burn cycle 1720, 1820 for TMI2
needs to be minimized. In FIGS. 17 and 18, the minimum
wait times between the two burns to achieve a reasonable
initial reactivity insertion for start-up and a controllable
reactivity transient during operation are identified.

For SULEU fuel, this optimized mimmum wait time 1s a
72 hour time period between the first burn cycle 1710 for
TMI1 and the second burn cycle 1720 for TMI2. For SCCTE
fuel, the optimized minimum wait time 1s a 48 hour time
period between the first burn cycle 1810 for TMI1 and the
second burn cycle 1820 for TMI2. The results of an
increased wait from 5 hours to 72 hours between TMI1 and
TMI2 1s shown 1n FIG. 17 for SULEU fuel. And FIG. 18
depicts the results of an increased wait from 5 hours to 48
hours between TMI1 and TMI2 for SCCTE fuel.

When compared with FIGS. 15-16, 1t can be seen that the
results are vastly improved using the optimized minimum
wait time. The best result 1n terms of maintaining constant
reactivity over subsequent burn cycles and a high sustained
reactivity compromise level during burn cycles 1s attained
using a combination of hydrogen pressure correction con-
trol, gadolinium (Gd) loading, and minimum wait time
features of the NTP system 100 of FIGS. 1-2. When just the
combination of Gd loading and minimum wait time are used,
the highest reactivity 1s achieved. Just varying the wait time
alone resulted 1n relatively constant reactivity over subse-
quent burn cycles.

Control of the minimum wait time between burns 1s
cllectuated by the NTP system 100 of FIGS. 1-2 and the
NTP system 100 includes a burn cycle controller, such as a
computer that includes reactor control software, a digital or
analog circuit, a mechanical timer switch, or a combination
thereof. For example, the burn cycle controller can be
implemented via a digital or analog circuit or software
programming 1instructions stored mm a memory that are
executed by a processor of the computer that regulate or
monitor an adjustable timer circuit or programming nstruc-
tions and the adjustable timer circuit or programming
instructions allow the minimum wait time between burns to
be set to a minimum wait time between burns. In response
to determining that the minimum wait time between burns
has elapsed, the burn cycle controller of the NTP system 100
enables the various components of the NTP system 100 of
FIGS. 1-2 to carry out the next burn (1.e., expansion) cycle.
If the mimimum wait time between burns has not elapsed, the
burn cycle controller of the N'TP system 100 does not allow
the various components of the NTP system 100 of FIGS. 1-2
to carry out the next burn (1.e., expansion) cycle. The burn
cycle controller can be overridden by an operator for safety
reasons, for example.

FIG. 19 15 a graph of mimmum wait time between periods
of full-power operation for the SULEU core using optimized
gadolinium loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system 100 of FIGS.

1-2 1n a single Trans Martian Injection (I MI) burn. FIG. 20
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1s a graph of minimum wait time between periods of
tull-power operation for the SCCTE core using optimized
gadolimum loadings dispersed in an alloy that forms the
outer tie tube layer of the tie tube of FIG. 8 and hydrogen
pressure correction control by the NTP system 100 of FIGS.
1-2 1n a single TMI burn.

Both FIGS. 19-20 show another approach to resolve the
1ssue of buildup of xenon between TMI1 and TMI2. In the
graphs of FIGS. 19-20, the NTP system 100 of FIGS. 1-2,
including the burn cycle controller, has adjusted the mission

profile control to have a single TMI burn that occurs during,
the first burn cycle 1910, 2010; MOI during the second burn

cycle 1920, 2020; and TEI during the third burn cycle 1930,
2030.

The approach shown 1s to do a one burn TMI 1n the first
burn cycle 1910, 2010 much like how the TEI 1s one burn in
the third burn cycle 1930, 2030 of FIG. 19-20. However, the
length of the single burn cycle for the combined TMI in the
first burn cycle 1910, 2010, i1s longer than the two separate
burn cycles that were used previously 1n the separate TMI1
and TMI2 burns. A one burn TMI 1910, 2010 has a greater
gravity loss term than a 2 burn TMI, but 1t can be seen 1n
FIGS. 19-20 that a one burn TMI signiﬁcantly reduces the
ellects of xenon build up. The result of a one burn TMI1 and
TMI2 are shown 1n FIGS. 19 and 20 for SULEU and SCCTE
as elements 1910, 2010, respectively.

When compared with FIGS. 15-16, 1t can be seen that the
results are vastly improved using a merged TMI burn cycle
(TMI1 and TMI2). As shown, the best result 1n terms of
holding constant reactivity over subsequent burn cycles and
a high sustained reactivity compromise level during burn
cycles 1s achieved using a combination of hydrogen pressure
correction control, gadolinium (Gd) loading, and the merged
TMI burn features of the NTP system 100 of FIGS. 1-2,
including the burn cycle controller. When the combination
of Gd loading and merged TMI burn cycle are used, the
highest reactivity 1s achueved. Just merging the TMI burn
cycle resulted 1n somewhat constant reactivity over subse-
quent burn cycles, but not as well as the combination with
hydrogen pressure correction control and gadolinium (Gd)
loading.

Control of the number and length of burns, for example,
of the first burn cycle 1910, 2010 1s effectuated by the NTP
system 100 of FIGS. 1-2. As noted above, the NTP system
100 of FIGS. 1-2 includes a burn cycle controller, such as a
computer that includes reactor control software, a digital or
analog circuit, a mechanical timer switch, or a combination
thereol. For example, the burn cycle controller allows a
mission profile to be set by adjusting the number of burn
cycles, a respective length of each of the burn cycles, and a
respective shutdown period between each of the burn cycles.
The burn cycle controller can be implemented via a digital
or analog circuit or soltware programming instructions
stored 1n a memory that are executed by a processor of the
computer that are operable to set a cycle length timer to the
length of each burn cycle, set a counter to the number of
burn cycles, and set one or multiple shutdown timers to the
shutdown period between a number of respective burn
cycles.

The burn cycle controller regulates and monitors the
number, length of burn cycles, and the shutdown periods that
have been set. If the respective burn cycle has not elapsed,
the burn cycle controller of the NTP system 100 continues
to carry out the respective burn cycle. In response to
determining that the respective burn cycle has elapsed, the
burn cycle controller of the NTP system 100 disables the
various components of the NTP system 100 of FIGS. 1-2.
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The subsequent burn cycle 1s carried out after the shutdown
period that was previously set between the prior burn cycle
and the next burn cycle 1n the mission profile elapses. Of
note, 1f the mimimum wait time between burns has not
clapsed as previously described, the burn cycle controller of
the NTP system 100 does not allow the various components
of the NTP system 100 of FIGS. 1-2 to carry out the next
burn (1.e., expansion) cycle. As noted previously, the burn
cycle controller can be overridden by an operator for safety
reasons, for example.

Temperature Feedback for Simplified Start-up Procedure

One of the objectives of a passively controlled NTP 1s to
have an open-loop start up sequence. The ultimate goal 1s to
have the operator turn the control drums to a predetermined
position, and that the reactor will naturally increase in
temperature until 1t stabilizes at a well-defined temperature
without further operator input. An element of closed loop
control will still be present as the power 1s then increased by
increasing the propellant coolant flow rate through the core
and will require appropriate valving of the rocket as 1s the
case with most modern rocket engines. Hence, the core can
have a series of built-in negative reactivity coetlicients that
as reactor power and temperature increase, the excess reac-
tivity of the core will decrease to the point where a stable
temperature 1s reached.

FIG. 21 1s a table of reactivity coellicients for SULEU and
SCCTE cores. In the presented reference SULEU and
SCCTE cores, with an examination of the fuel and modera-
tor temperature reactivity coeflicients, such a start-up
sequence can be achieved.

The principal reactivity feedback mechanisms for
SULEU and SCCTE are reported 1n FIG. 21. The enhanced
thermal feedback coeflicients stem from the fact that LEU-
NTP systems have an enhanced fuel temperature feedback
from the large fraction of ***U in the fuel. With the increase
in temperature, the >>°U undergoes spectrum Doppler broad-
ening and enhances i1ts neutron absorption, resulting in
negative reactivity msertion. With this in mind, a moderated
LEU-NTP system can be designed with inherent negative
teedback to ensure stability at the desired operating tem-
perature. The burn cycle controller discussed above can be
operable to directly or indirectly monitor current operating
temperature of the nuclear reactor core 110 of the NTP
system 100 FIGS. 1-2 to provide temperature feedback, and
then adjust the nuclear reactor core 110 during the start-up
sequence.

However, the large hydrogen worth of moderated NTP
systems can result in unstable systems. While the significant
negative reactivity feedback of the fuel helps to significantly
mitigate the issue, 1t does not single handedly resolve the
issue. In order to ensure the viability of an open loop start-up
sequence, the NTP system can be designed such that the
hydrogen density in the tie tubes 1s sufliciently decoupled
from the core power, for example, using the N'TP system 100
of FIGS. 1-2. This ensures that the dominant temperature
teedback mechanisms for the core are the negative fuel and
moderator temperature feedback.

It will be understood that the terms and expressions used
herein have the ordinary meaning as i1s accorded to such
terms and expressions with respect to their corresponding
respective areas of inquiry and study except where specific
meanings have otherwise been set forth herein. Relational
terms such as first and second and the like may be used
solely to distinguish one enfity or action from another
without necessarily requiring or implying any actual such
relationship or order between such entities or actions. The
terms “‘comprises,” “comprising,” “includes,” “including,”
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or any other vanation thereof, are intended to cover a
non-exclusive inclusion, such that a process, method, article,
or apparatus that comprises or includes a list of elements or
steps does not include only those elements or steps but may
include other elements or steps not expressly listed or
inherent to such process, method, article, or apparatus. An
clement preceded by “a” or “an” does not, without further
constraints, preclude the existence of additional identical
clements 1n the process, method, article, or apparatus that
comprises the element.

Unless otherwise stated, any and all measurements, val-
ues, ratings, positions, magnitudes, sizes, and other speci-
fications that are set forth in this specification, including 1n
the claims that follow, are approximate, not exact. Such
amounts are intended to have a reasonable range that is
consistent with the functions to which they relate and with
what 1s customary in the art to which they pertain. For
example, unless expressly stated otherwise, a parameter
value or the like may vary by as much as £10% from the
stated amount.

In addition, in the foregoing Detailed Description, 1t can
be seen that various features are grouped together 1n various
examples for the purpose of streamliming the disclosure.
This method of disclosure 1s not to be interpreted as reflect-
ing an intention that the claimed examples require more
teatures than are expressly recited in each claim. Rather, as
the following claims reflect, the subject matter to be pro-
tected lies 1n less than all features of any single disclosed
example. Thus the following claims are hereby incorporated
into the Detailed Description, with each claim standing on
its own as a separately claimed subject matter.

While the foregoing has described what are considered to
be the best mode and/or other examples, 1t 1s understood that
vartous modifications may be made therein and that the
subject matter disclosed herein may be implemented 1n
various forms and examples, and that they may be applied
in numerous applications, only some of which have been
described herein. It 1s mtended by the following claims to
claim any and all modifications and variations that fall
within the true scope of the present concepts.

What 1s claimed 1s:
1. A nuclear thermal propulsion system comprising:
a nuclear reactor core mcluding:
an array of fuel elements;
an array of tie tubes adjacent the array of fuel elements,
cach tie tube including:
a propellant supply passage to flow a propellant;
an 1nner tie tube layer surrounding the propellant
supply passage;
a moderator sleeve surrounding the inner tie tube
layer;
a propellant return passage surrounding the modera-
tor sleeve; and
an outer tie tube layer surrounding the propellant
return passage; and
a burnable poison dispersed 1n the nuclear reactor core,
wherein:
the burnable poison includes Gadolinium (Gd),
the Gd 1s dispersed 1n an alloy that forms the outer
tie tube layer, and
the Gd dispersed 1n the outer tie tube layer alloy 1s 1n
a quantity of 10 parts per million (ppm) to 70 ppm.
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2. The nuclear thermal propulsion system of claim 1,
wherein:

the propellant 1s hydrogen.

3. The nuclear thermal propulsion system of claim 2,
wherein:

the array of fuel elements includes a graphite composite

fuel formed of low-enriched uranium (LEU) having
20% or lower *2°U; and

the moderator sleeve includes a solid hydride.

4. The nuclear thermal propulsion system of claim 2,
wherein:

the array of tuel elements includes a tungsten ceramic and

metal matrix (CERMET) fuel formed of low-enriched
uranium (LEU) having 20% or lower **°U, and

the moderator sleeve includes a solid hydride.

5. The nuclear thermal propulsion system of claim 2,
wherein each tie tube further comprises:

an mmner gap between the inner tie tube layer and the
moderator sleeve;

a graphite msulation layer surrounding the outer tie tube
layer;

a medial gap between the outer tie tube layer and the
graphite isulation layer;

an outer gap surrounding the graphite insulation layer;

a graphite sleeve surrounding the outer gap; and

a coating formed of zirconium carbide or niobium carbide
surrounding the graphite sleeve.

6. The nuclear thermal propulsion system of claim 5,
wherein the graphite insulation layer includes zirconium
carbide (ZrC), titanium carbide, silicon carbide, tantalum
carbide, hainium carbide, ZrC—Z7rB, composite, or ZrC—
/rB,—S1C composite.

7. The nuclear thermal propulsion system of claim 2,
wherein:

the propellant supply passage, the inner tie tube layer, the
moderator sleeve, the propellant return passage, and the
outer tie tube layer are radially arranged; and

a respective radial wall thickness of the outer tie tube
layer 1s less than the mner tie tube layer.

8. The nuclear thermal propulsion system of claim 7,
wherein the array of fuel elements are interspersed with the
array of tie tubes and each of the tie tubes 1s 1n direct or
indirect contact with at least one fuel element.

9. The nuclear thermal propulsion system of claim 7,
further comprising:

a plurality of circumierential control drums surrounding
the array of fuel elements and the array of tie tubes to
change reactivity of the nuclear reactor core.

10. The nuclear thermal propulsion system of claim 1,

wherein the Gd 1n the outer tie tube layer alloy 1s enriched

in °’Gd isotope.

11. The nuclear thermal propulsion system of claim 10,
wherein the outer tie tube layer alloy further includes nickel,
chromium, and iron.

12. The nuclear thermal propulsion system of claim 11,
wherein the outer tie tube layer alloy further includes
molybdenum, niobium, cobalt, manganese, copper, alumi-
num, titanium, silicon, carbon, sulfur, phosphorus, and
boron.

13. The nuclear thermal propulsion system of claim 10,
wherein the outer tie tube layer alloy i1s also formed of
zirconium or zircomum carbide.
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